11␤-hydroxysteroid dehydrogenase type 1 (11␤-HSD-1) intracellularly regenerates active corticosterone from circulating inert 11-dehydrocorticosterone (11-DHC) in specific tissues. The hippocampus is a brain structure particularly vulnerable to glucocorticoid neurotoxicity with aging. In intact hippocampal cells in culture, 11␤-HSD-1 acts as a functional 11␤-reductase reactivating inert 11-DHC to corticosterone, thereby potentiating kainate neurotoxicity. We examined the functional significance of 11␤-HSD-1 in the central nervous system by using knockout mice. Aged wild-type mice developed elevated plasma corticosterone levels that correlated with learning deficits in the watermaze. In contrast, despite elevated plasma corticosterone levels throughout life, this glucocorticoid-associated learning deficit was ameliorated in aged 11␤-HSD-1 knockout mice, implicating lower intraneuronal corticosterone levels through lack of 11-DHC reactivation. Indeed, aged knockout mice showed significantly lower hippocampal tissue corticosterone levels than wild-type controls. These findings demonstrate that tissue corticosterone levels do not merely reflect plasma levels and appear to play a more important role in hippocampal functions than circulating blood levels. The data emphasize the crucial importance of local enzymes in determining intracellular glucocorticoid activity. Selective 11␤-HSD-1 inhibitors may protect against hippocampal function decline with age.
M
uch evidence in rodents, nonhuman primates, and humans suggests that prolonged elevation of blood glucocorticoid levels impairs cognitive function, an effect that becomes more marked with aging (1) (2) (3) . Chronic glucocorticoid excess has deleterious actions on brain neuronal biochemistry and electrophysiological function. This occurs particularly in the hippocampus, where glucocorticoid excess inhibits the formation of longterm potentiation (4), reduces dendritic structural complexity (5) , and may eventually produce neuronal loss (6, 7) . Manipulations that keep glucocorticoid levels low throughout life in rats [including adrenalectomy with low-dose glucocorticoid replacement, and neonatal handling (8, 9) ] prevent the emergence of watermaze learning deficits with age. However, such approaches are not appropriate for human therapy.
Recently, it has been recognized that tissue glucocorticoid concentrations are determined not only by plasma hormone levels, but also by intracellular 11␤-hydroxysteroid dehydrogenases (11␤-HSDs), which locally interconvert active glucocorticoids (corticosterone in rats and mice, cortisol in humans) and inert 11-keto forms , cortisone (10) ]. The importance of such enzymatic interconversion is clearly demonstrated by the action of 11␤-HSD type 2 (an exclusive dehydrogenase), which potently inactivates glucocorticoids thus allowing selective access for aldosterone to intrinsically nonselective mineralocorticoid receptors (MR) in the kidney (11, 12) . The observation of 11␤-HSD in neurons in the brain prompted suggestions that the enzyme might attenuate the deleterious effects of chronic glucocorticoid excess on neuronal function and survival (13) . However, the predominant isoform in the brain, 11␤-HSD type 1 (11␤-HSD-1), which is located in lumen of the endoplasmic reticulum (14) , appears to function as a predominant 11␤-reductase (regenerating active glucocorticoids from inert 11-DHC) in intact cells in primary culture (15) , including neurons (16) , and in the liver in vivo (17) . This reductase activity, far from protecting neurons against glucocorticoid excess, would be anticipated to increase intraneuronal glucocorticoid levels, potentiating neurotoxicity. Indeed, in vitro, otherwise inert 11-DHC potentiates kainate-induced neurotoxicity in hippocampal neurons in culture, an effect lost in the presence of an 11␤-HSD inhibitor (16) . If such regeneration of glucocorticoids within neurons is important in vivo, inhibition of 11␤-reductase might attenuate neuronal dysfunction and the consequent watermaze task performance decline with aging. To test this hypothesis, we examined the effects of aging on hippocampal function (by using the Morris watermaze) in mice homozygous for targeted disruption of the 11␤-HSD-1 gene (17) .
Materials and Methods
Experimental Animals. Male mice with a targeted disruption of the 11␤-HSD-1 gene were inbred on the original 129͞Ola strain background, as were wild-type controls (17) . Young (4-7 months old) and aged (18-20 months old) mice were housed in individual cages on a 12-h light-dark cycle (light on 7 a.m. to 7 p.m.). Both genotypes had similar survival rates up to 23 months. All animals (n ϭ 28) were tested between 9 a.m. and 5 p.m. Animal care was in strict accordance with Home Office and institutional guidelines.
Watermaze. The watermaze was a circular tank (1.8 m diameter, 0.60 m height) filled to a depth of 35 cm with water (25 Ϯ 1°C) made opaque with latex liquid. The paths taken by the mice were monitored with an overhead video camera connected to an image analyzer (HVS Image, Hampton, U.K.) and an Acorn Archimedes (Edinburgh) running software that sampled the coordinates on-line at 10 Hz for subsequent automated data analysis. For all training trials, the computer calculated the escape latency, percentage of time spent within 15 cm of the side walls of the pool, and the average swim speed of the mice. The day before training, all mice were given a 60-s swim and allowed to mount a 30-cm platform submerged just below the water surface.
Mice were tested in the proximally cued version of the maze where the platform position was indicated by a visible flag. This behavioral task requires the animal to associate the flag with escape from the water. The target platform was submerged just below the water surface and located under a flag (5 cm high ϫ 8 cm wide) attached to the platform 10 cm above the water. Curtains were drawn around pool to exclude extramaze cues. Training consisted of four trials per day for 5 days, each trial lasting until the mouse reached the platform (escape latency) or swam for 60 s. After each trial the mice were allowed to remain on the platform for 30 s. Mice were released in the pool from one of four equally spaced start positions along the perimeter of the pool in a predetermined, pseudorandom order. On the first day of training, a larger platform (30 cm diameter) was used to increase the chance for the mice to find the platform. From the second day onward the diameter of the platform was 20 cm. The location of the submerged platform was varied randomly from trial to trial. Mice were returned to drying cages and kept warm under a heat lamp between trials (intertrial interval 10 min). The performance of all mice were videotaped in a single blind analysis. Mice that tended to float rather than swim were excluded.
Ibotenate Lesions of Hippocampus. Adult male 129͞Ola mice (25 g) were anaesthetized with Hypnorm͞Hypnovel (0.8 ml͞kg, i.p.) and placed in a stereotaxic frame. Hippocampal lesions were made by 20 discrete injections of 0.03 l ibotenic acid (10 mg͞ml; Sigma) at 0.06 l͞min; the needle was left in place for 2 min following injection to avoid spread of the toxin up the needle tract. Stereotaxic coordinates were those used by Jarrard (18) , modified for mice. Sham operated controls underwent similar surgical procedures except that no drug was infused. Six weeks after surgery, mice were tested in the cued version of the watermaze task, as described above. Following behavioral testing, mice were anaesthetized and perfused intracardially with saline and 4% paraformaldehyde. The brains were stored in the perfusate for 1 week, then frozen, sectioned coronally (30 m), and stained with cresyl violet to determine cell loss.
Corticosterone, 11-DHC, Corticosteroid Binding Globulin (CBG), and Glucose Measurements. Blood samples were obtained by cardiac puncture immediately after killing mice by cervical dislocation in the morning. Plasma corticosterone levels were measured by RIA (19) modified for microtiter plate scintillation proximity assay. The intra-and interassay coefficients of variation were 9.4 and 9.2%, respectively. Plasma 11-DHC was measured by the above RIA, but using [ 3 H]-11-DHC [synthesized by using kidney homogenates, NAD, and [ 3 H]corticosterone (20) ] and the antibody for 11-DHC. Plasma glucose levels were measured by using the infinity glucose reagent from Sigma.
For the measurement of CBG, endogenous steroids were removed by diluting plasma samples 1:100 in dextran-coated charcoal in PBS-gelatin (DCC-G) and incubation for 1 h at room temperature followed by centrifugation at 3,000 g for 15 min. Aliquots (100 l) of the supernatant were then incubated in buffer (PBS-gelatin) containing a saturating 10-nM concentration of [ 3 H]corticosterone for 1 h at room temperature. Nonspecific binding was defined in parallel incubations by the addition of 2,000-fold excess cold corticosterone. The samples were then incubated with DCC-G at 4°C for 10 min and centrifuged at 3,000 g for 15 min at 4°C to separate bound from free. Scintillation fluid was added to 900 l of supernatant in mini vials and counted. Protein content was determined by the method of Bradford (21) . Briefly, tissues were homogenized in Ͼ9 volumes of ice-cold Tris⅐HCl buffer (pH 6.5). Homogenates were incubated for 16 h at 37°C with acetone:ethanol (9:1), extracts filtered and evaporated to dryness, reconstituted in buffer, washed with hexane, and reextracted with ethyl acetate. Samples were separated by TLC by using UV absorption of an internal standard to localize corticosterone and radioactivity measured.
Histopathologic Comparisons of Retinas from Aged and Young Mice.
At autopsy, the eyes were removed and stored in paraformaldehyde at 4°C. Following removal of the lens, the eyes were embedded in paraffin. Tissue blocks were sectioned (7 m) and stained with Harris' hematoxylin and eosin. Slides were coded before histopathologic evaluation at 40ϫ magnification by an ophthalmologist unaware of age or genotype.
Data Analysis. Data were assessed by ANOVA followed by Scheffé post hoc tests. Regression analysis was by the Pearson correlation matrix method. Significance was set at P Ͻ 0.05. Values are means Ϯ SEM.
Results
Performance in Cued Platform Watermaze Task. During a 5-day training period, young (4-7 months old) wild-type mice showed a progressive reduction in the latency to escape onto a flagged hidden platform in the watermaze [mean of the four trials per day; F(5,24) ϭ 5.3, P Ͻ 0.005; Fig. 1A ]. Although on initial entry into the pool (trial 1, day 1) the escape latency did not differ between the young and aged (18-20 months old) mice [35.8 1 Ϯ 5.2 s (all young); 34.0 Ϯ 4.9 s (all old)], the reduction in latency with training did not occur in the aged wild-type controls as a group [F(7,32) ϭ 1.6, P ϭ 0.2]; their average escape latencies (trials 1-4) for each day of training were significantly longer than young wild-type mice (P Ͻ 0.05). Young 11␤-HSD-1 Ϫ/Ϫ mice performed as well as young wild-type controls in the proximally cued platform watermaze task (Fig. 1 A) . Strikingly, aged 11␤-HSD-1 Ϫ/Ϫ mice also learned the task well, showing decreased escape latencies to find the platform with increasing days of training [F(7,32) ϭ 17, P Ͻ 0.001]. ANOVA of mean escape latencies for each day of training showed that the performance of the aged 11␤-HSD-1 Ϫ/Ϫ mice was not significantly different from the aged wild-type mice initially, but then improved rapidly to the level of young wild-type mice, showing a significant age X genotype effect [ day 1, F(1,24) ϭ 0.67, P ϭ 0.4; day 2, F(1,24) ϭ 0.7, P ϭ 0.4; day 3, F(1,24) ϭ 0.3, P ϭ 0.6; day 4, F(1,24) ϭ 3.9, P ϭ 0.06; day 5, F(1,24) ϭ 8.8, P Ͻ 0.01].
The differences between aged wild-type and 11␤-HSD-1 null mice in the cued platform watermaze task did not appear to be due to swim speeds or visual processing or thigmotaxis (i.e., staying near the side walls). Although the significantly longer escape latencies shown by the aged mice (both genotypes) at the end of the first day of training (P Ͻ 0.05) (Fig. 1 A) may partly reflect a slower swim speed (P Ͻ 0.01) [wild type: 0.24 m͞s (young), 0.17 m͞s (old); 11␤-HSD-1 Ϫ/Ϫ : 0.22 m͞s (young), 0.14 m͞s (old)], the average swim speed did not vary significantly across the last four days of training for individual mice (P ϭ 0.98). Therefore, changes of escape latency associated with consecutive training trials reflect learning of the task. Visual processing abilities can also affect learning, because a direct correlation between the severity of photoreceptor degeneration and performance of aged rats in the watermaze has been reported (22) . However, histopathological examination of the eyes of young and aged mice from both genotypes showed normal retinal integrity (all had retinas with an outer nuclear layer composed of Ϸ10 rows of photoreceptor nuclei, a fivecell-layer-thick inner nuclear layer, and a single cell layer of ganglion cells; not shown). All of the mice showed a similar degree of thigmotaxis (percentage of time near the side walls of the pool). ANOVA of mean thigmotaxis from all of the trials follows [ To determine whether the proximally cued platform watermaze task is hippocampus-dependent in 129͞Ola mice, we selectively lesioned the whole hippocampus by using ibotenate acid. The escape latency to find the platform on initial entry into the pool (trial 1, day 1) did not differ between the sham and hippocampal lesioned mice (50.1 Ϯ 6.1 s and 49.0 Ϯ 6.7 s, respectively, P ϭ 0.9), but by the end of first day of testing (trial 4) and across the remaining days, the hippocampal lesioned mice showed significantly longer escape latencies than the sham controls (P Ͻ 0.001, Fig. 1B ). In contrast with the sham controls, hippocampal lesioned mice were unable to learn the task, showing no decrease in escape latency across the four days of training (F4,20 ϭ 0.38, P ϭ 0.8; Fig. 1B) . Cresyl violet staining of brain sections confirmed selective removal of hippocampal cells with no evidence of damage to extrahippocampal areas (Fig. 1C) .
Plasma Corticosterone, 11-DHC, CBG, and Glucose Levels. Basal (morning) plasma corticosterone levels were low in young wild-type controls, but became markedly elevated with age (P Ͻ 0.001; Table 1 ). Young 11␤-HSD-1 Ϫ/Ϫ mice had significantly higher basal plasma corticosterone levels than young wild-type controls (P Ͻ 0.001; Table 1 ), confirming previous data (17) . There was no further rise of plasma corticosterone in 11␤-HSD-1 Ϫ/Ϫ mice with age, so both genotypes had similarly elevated corticosterone levels when aged (Table 1 ). In wild-type controls, plasma corticosterone levels correlated directly with the escape latency to find the flagged hidden platform (Table 2 and Fig. 2 ). There was no correlation between plasma glucocorticoid levels and watermaze performance in 11␤-HSD-1 Ϫ/Ϫ mice ( Table 2) . Plasma 11-DHC levels in the wild-type mice correlated with plasma corticosterone levels (r ϭ 0.65, P Ͻ 0.02). 11␤-HSD-1 Ϫ/Ϫ mice had significantly elevated 11-DHC levels [which they cannot activate to corticosterone (17) ; P Ͻ 0.05; Table 1 and Fig.  3 ]. 11-DHC in 11␤-HSD-1 Ϫ/Ϫ mice did not correlate with plasma corticosterone. Plasma CBG levels were not significantly altered by genotype or age (Table 1) . Plasma glucose levels [wild-type: Fig. 4) . [ 3 H]corticosterone levels were also lower in the brainstem (61% decrease, P Ͻ 0.05) and showed a similar nonsignificant trend for lower levels in cerebellum, both tissues highly expresses 11␤-HSD-1. There were no significant differences between genotypes in cortex that expresses 11␤-HSD-1 predominantly in a single layer (ref. 23 ; Fig. 4 ).
Discussion
Strikingly, in the face of increased plasma levels of active corticosterone throughout life, the 11␤-HSD-1 Ϫ/Ϫ mice resist glucocorticoid-associated learning impairments with aging, as shown in the flagged hidden platform watermaze task. All of the mice (young and aged, either genotype) failed to learn the classical hippocampus-dependent spatial task where the hidden platform is located by using extramaze distal cues around the experimental room (data not shown). This is not unusual because mice of the 129 strain generally perform poorly in the distally cued version of the watermaze task (24, 25) . The assumption that learning of the proximally cued platform watermaze task is partly hippocampus-independent is based on findings in rats. However, this interpretation may be speciesdependent, because hippocampal lesions in some strains of mice impair learning in both distally and proximally cued platform versions of the watermaze task (26) . Recent studies have shown that both spatial and nonspatial information can be encoded within the hippocampus in a manner consistent with the mnemonic demands of the task (27) . The severe impairment of the hippocampal lesioned 129͞Ola mice to learn the proximally cued platform watermaze task suggests hippocampal dependence, at least in this strain.
Differences in sensorimotor or visual factors could have a secondary effect on the rate of learning in the aged mice. However, examination of the swim speeds and retinas suggests that the learning deficit in the aged wild-type mice are not simply due to motor or visual impairments. In addition, the degree of thigmotaxis (i.e., the percentage of time spent near the side walls of the pool), thought to be an indication of ''emotionality,'' did not differ significantly with age or genotype. The performance of the aged mutant mice in the watermaze was similar to the aged wild-type mice initially, but the old 11␤-HSD-1-null mice then rapidly improved to match the learning performance of young wild types. This suggests that whatever other impairments exist in old mice, they are overcome by the mutation, and argues against this reflecting a generalized performance effect, and for more specific learning͞memory effects of aging. Further studies are required to evaluate any other behavioral differences in the mutant mice.
Glucose is the major energy substrate for the brain and alterations in glucose availability can alter neuronal function and cognitive performance. Moreover, young 11␤-HSD-1 null mice resist hyperglycemia on stress or obesity, although basal glucose levels are similar to wild type (17) . In this study plasma glucose levels were not significantly affected by age or genotype, suggesting that at least gross differences in glucose homeostasis do not underlie the cognitive differences by genotype in aged mice.
Plasma Glucocorticoid Levels. Recent findings that show that corticosterone levels in 18-month-old rats may predict spatial learning in the watermaze 6 months later (J. L. W. Yau and J. R. Seckl, unpublished data), emphasizes the causal link between corticosterone and hippocampal function in individual animals and echoing analogous prospective data in humans (2) . In the present study, basal (morning) plasma corticosterone levels were low in young wild-type mice, but became markedly elevated with age, consistent with findings in rats and humans (2, 28, 29) . Plasma corticosterone levels in wild-type controls correlated directly with the escape latency to find the flagged hidden platform. This is consistent with studies in rats where elevated corticosterone levels correlate with specific age-associated learning impairments in the watermaze (1, 3) . Interestingly, the correlation between plasma corticosterone levels and watermaze performance is lost in 11␤-HSD-1 Ϫ/Ϫ mice, presumably because local tissue corticosterone levels in the brain regions involved in the learning task are lower than in wild-type controls because of the lack of 11-DHC reactivation and fail to reach the threshold for performance decline. This contention is supported by the requirement for clearly elevated glucocorticoid levels before inhibition of long-term potentiation or atrophy of hippocampal dendritic structure (5, 30, 31) . Indeed, correlations between corticosterone and maze performance trended negative (although not significant) in the 11␤-HSD-1-null mice. We speculate that the absence of 11-DHC reactivation produces lower intraneuronal corticosterone levels in sites such as the hypothalamic paraventricular nuclei attenuating feedback on the hypothalamic-pituitary-adrenal (HPA) axis, thus increasing plasma corticosterone levels.
It has been assumed that the learning deficits in the aged wild-type mice is an effect of chronically elevated glucocorticoid levels, because measures that prevent the long-term, age- associated rise in plasma corticosterone preserve learning and memory in aged rats (8, 9) . However, elevated corticosterone levels can also have acute effects on hippocampal function (32) (33) (34) (35) . Whether the improved learning in aged 11␤-HSD-1-null mice, which have reduced intrahippocampal corticosterone levels, is partly due to acute effects of lower corticosterone remains to be determined, but seems unlikely because acute blockade of corticosteroid receptors has either detrimental effects or no effect on learning (35) . Indeed, the subtlety of the model is that glucocorticoid levels in tissues expressing 11␤-HSD-1 are reduced but not absent, obviating the hazards of complete adrenal steroid depletion that produce neuronal loss and learning impairments.
Tissue Glucocorticoid Levels. In young wild-type mice, 11-DHC levels are approximately half those of total corticosterone. However, around 95% of corticosterone is bound to plasma proteins [largely CBG (36) ] and therefore unable to enter cells, so ''free'' corticosterone levels are less than 11-DHC levels, which is little bound by CBG (see Fig. 3 ). Thus, in young wild-type mice a substantial proportion of intracellular active glucocorticoid is likely to be derived from circulating 11-DHC, activated within cells to corticosterone by 11␤-HSD-1, the only murine enzyme catalyzing 11␤-reduction (17) . Aged wild-type mice have elevated plasma corticosterone levels, but 11-DHC is still likely to contribute substantially to intracellular corticosterone (see Fig. 3 ). In contrast, although 11␤-HSD-1 Ϫ/Ϫ mice have elevated 11-DHC levels (presumably a consequence of reduced clearance due to loss of metabolism by 11␤-HSD-1), these cannot be converted to corticosterone within cells. Increased plasma corticosterone levels in the null mice are likely to reflect both increased adrenal production to compensate for increased clearance (due to a lack of regeneration by 11␤-HSD-1) and a loss of 11␤-reductase in central nervous system areas responsible for glucocorticoid negative feedback on the HPA axis. The hippocampus, hypothalamus, and pituitary all express 11␤-HSD-1 (23, 37) . Loss of glucocorticoid regeneration in such sites would be anticipated to attenuate feedback and thus increase HPA activity. Indeed, 11␤-HSD-1-null mice are less sensitive to exogenous cortisol suppression of HPA activation (38) . Thus, in the null mice the only source of intracellular glucocorticoid is circulating corticosterone. The aged 11␤-HSD-1-null mice show improved learning in the flagged hidden platform watermaze task despite increased plasma levels of active corticosterone throughout life. This strongly implicates lower intraneuronal corticosterone levels and suggests that 11␤-reductase regeneration of corticosterone from 11-DHC is an important determinant of effective intraneuronal glucocorticoid action. Plasma CBG levels were similar in 11␤-HSD-1 Ϫ/Ϫ and wild-type mice and were not significantly altered with aging. As 5% of corticosterone is ''free'' and assuming near complete conversion of 11-DHC to corticosterone by 11␤-HSD-1 in wild-type neurons, then ''intraneuronal'' corticosterone levels are likely to be lower in aged 11␤-HSD-1-null mice than in aged wild-type controls, which have the additional burden of corticosterone regenerated from 11-DHC (see Fig. 3 ). In support of this contention, retention of [ 3 H]corticosterone in the hippocampus of aged 11␤-HSD-1 Ϫ/Ϫ mice was less than half that of aged wild-type controls, in the face of similar plasma corticosterone levels at this age. Taken together, the data suggest that 11␤-HSD-1 contributes substantially to active corticosterone levels within the hippocampus in vivo and hence to the deleterious effects of glucocorticoids with aging.
The key question addressed here is whether the effects of active glucocorticoids are in any way influenced by the local conversion of inert circulating 11-DHC by the activity of 11␤-reductase within the central nervous system. The data suggest that regeneration of active corticosterone by 11␤-HSD-1 within Fig. 3 . Schematic diagram showing contribution of 11-DHC to intraneuronal corticosterone levels in wild-type and 11␤-HSD-1-null mice. 'free' cort reflects 5% of total corticosterone (i.e., excludes 95% bound to CBG). Intraneuronal cort is the sum of free corticosterone and 11-DHC in wild-type mice, but only free corticosterone in 11␤-HSD-1-null mice, which cannot regenerate corticosterone from 11-DHC. 
